Molecular imaging is a key component of 21st-century cancer management. The vascular endothelial growth factor (VEGF)/ VEGF receptor signaling pathway and integrin a v b 3 , a cell adhesion molecule, play pivotal roles in regulating tumor angiogenesis, the growth of new blood vessels. This review summarizes the current status of tumor angiogenesis imaging with SPECT, PET, molecular MRI, targeted ultrasound, and optical techniques. For integrin a v b 3 imaging, only nanoparticle-based probes, which truly target the tumor vasculature rather than tumor cells because of poor extravasation, are discussed. Once improvements in the in vivo stability, tumor-targeting efficacy, and pharmacokinetics of tumor angiogenesis imaging probes are made, translation to clinical applications will be critical for the maximum benefit of these novel agents. The future of tumor angiogenesis imaging lies in multimodality and nanoparticlebased approaches, imaging of protein-protein interactions, and quantitative molecular imaging. Combinations of multiple modalities can yield complementary information and offer synergistic advantages over any modality alone. Nanoparticles, possessing multifunctionality and enormous flexibility, can allow for the integration of therapeutic components, targeting ligands, and multimodality imaging labels into one entity, termed ''nanomedicine,'' for which the ideal target is tumor neovasculature. Quantitative imaging of tumor angiogenesis and protein-protein interactions that modulate angiogenesis will lead to more robust and effective monitoring of personalized molecular cancer therapy. Multidisciplinary approaches and cooperative efforts from many individuals, institutions, industries, and organizations are needed to quickly translate multimodality tumor angiogenesis imaging into multiple facets of cancer management. Not limited to cancer, these novel agents can also have broad applications for many other angiogenesis-related diseases.
States (http://www.cdc.gov). In 2007, about 1,444,920 new cancer cases were expected to be diagnosed, and about 559,650 Americans were expected to die of cancer-more than 1,500 people per day (http://www.cancer.org). The National Institutes of Health estimated an overall cost of $206.3 billion as a result of cancer (http://www.nih.gov). One of the key requirements during tumor development is angiogenesis, the formation of new blood vessels, without which a tumor cannot grow beyond a few millimeters in diameter (1, 2) . Tumor angiogenesis is regulated by a variety of proteins, such as growth factors/growth factor receptors, G-protein-coupled receptors for angiogenesismodulating proteins, several endogenous angiogenesis inhibitors, and integrins (2) (3) (4) . The fact that tumor progression is dependent on angiogenesis has inspired scientists to search for antiangiogenic molecules and to design antiangiogenic strategies for cancer treatment and the prevention of cancer recurrence or metastasis (5) (6) (7) .
Many traditional medical imaging techniques, such as CT, MRI, and ultrasound, have been routinely used to monitor the therapeutic effects of cancer intervention (8, 9) . The field of molecular imaging, recently defined by the Society of Nuclear Medicine as ''the visualization, characterization, and measurement of biological processes at the molecular and cellular levels in humans and other living systems'' (10) , has flourished over the last decade. In general, molecular imaging modalities include molecular MRI (mMRI), magnetic resonance spectroscopy, optical bioluminescence imaging, optical fluorescence imaging, targeted ultrasound, SPECT, and PET (11) . Many hybrid systems that combine 2 or more of these imaging modalities are also commercially available, and certain others are under active development (12) (13) (14) . Noninvasive imaging of tumor angiogenesis can allow for much earlier diagnosis and better prognosis, which will eventually lead to personalized molecular medicine (15, 16) . In this review, we summarize the progress to date on multimodality molecular imaging of tumor angiogenesis, focusing on the vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR) signaling pathway and integrin a v b 3 .
VEGF/VEGFRS
The VEGF/VEGFR signaling pathway plays a pivotal role in both normal vasculature development and many disease processes (3, 17) . The VEGF family is composed of 7 members with a common VEGF homology domain: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and placenta growth factor (18, 19) . VEGF-A is a homodimeric, disulfide-bound glycoprotein existing in several isoforms with different numbers of amino acid residues, such as VEGF 121 and VEGF 165 . Besides the difference in molecular weights, these isoforms also differ in their biologic properties, in particular, the ability to bind to cell surface heparin sulfate proteoglycans (19) .
The angiogenic actions of VEGF are mainly mediated by 2 endothelium-specific receptor tyrosine kinases, VEGFR-1 (Flt-1/FLT-1) and VEGFR-2 (Flk-1/KDR) (20) . VEGFR-1 is critical for physiologic and developmental angiogenesis, and its function varies with the stages of development, the states of physiologic and pathologic conditions, and the cell types in which it is expressed (17, 19) . VEGFR-2 is the major mediator of the mitogenic, angiogenic, and permeability-enhancing effects of VEGF. VEGF/VEGFR overexpression has been implicated as a poor prognostic marker in many clinical studies (19) . Agents that prevent VEGF from binding to its receptors (21) , antibodies that block VEGFR-2 (22, 23) , and small molecules that inhibit the kinase activity of VEGFR-2, thereby terminating the signaling cascades (24) (25) (26) , are all currently under active development. The pivotal role of the VEGF/VEGFR signaling pathway in cancer is underscored by the approval of the humanized anti-VEGF monoclonal antibody bevacizumab (Avastin; Genentech) for the first-line treatment of cancer patients (27) (28) (29) . VEGF/VEGFR-targeted molecular imaging can serve as a new paradigm for assessing the efficacy of antiangiogenic cancer therapy, improving cancer management, and elucidating the role and modulation of VEGF/VEGFR signaling during cancer development and intervention.
RADIONUCLIDE-BASED IMAGING OF VEGF/VEGFR EXPRESSION
Radionuclide-based imaging has been routinely used in clinics over the last decade. Because of the wider availability of g-cameras and SPECT scanners in the past (30) , VEGFR imaging was achieved with SPECT earlier than with PET. Several radioisotopes, such as 123 I, 111 In, 99m Tc, 64 Cu, and 89 Zr, have been used for either SPECT or PET applications.
SPECT of VEGFRs
To explore the possibility of VEGFR scintigraphy of primary tumors and their metastases, the properties of binding of 123 I-VEGF 165 and 123 I-VEGF 121 to human umbilical vein endothelial cells, several human tumor cell lines, and a variety of primary human tumors were evaluated (31) . Besides human umbilical vein endothelial cells, some tumor cells were also found to express large numbers of VEGFRs in that study. 123 I-VEGF 165 was then evaluated for tumor localization in gastrointestinal cancer patients (32) . However, the primary and metastatic lesions were identified only in some patients. In another study, the biodistribution, safety, and absorbed dose of 123 I-VEGF 165 were investigated in 9 patients with pancreatic carcinomas (33) . Although the majority of the primary pancreatic tumors and their metastases were visualized on 123 I-VEGF 165 scans (Fig. 1A) , the organ with the highest absorbed dose was the thyroid because of severe deiodination. Another report also suggested that 123 I-VEGF 165 , despite high receptor-binding affinity, showed poor tumor-to-background ratios in tumorbearing mice because of low metabolic stability (34) . Recently, 125 I-VEGF 121 and 125 I-VEGF 165 were used for biodistribution and autoradiography studies (35) . As with most other radioiodinated tracers, prominent activity accumulation in the stomach was observed because of deiodination. Interestingly, 125 I-VEGF 121 accumulation in tumors decreased with increasing tumor volume, suggesting that small tumors have higher VEGFR expression than large tumors. It was also found that 125 I-VEGF 165 uptake was higher than that of 125 I-VEGF 121 in some organs (such as the kidneys, heart, and lungs) but lower in many other organs (35) . The reason for such differences in patterns of accumulation between the 2 tracers remains unclear.
Besides radioiodine, VEGF 121 has also been labeled with 99m Tc (36, 37) . In a 4T1 murine mammary carcinoma model, the tumor uptake of 99m Tc-VEGF 121 , measured as percentage injected dose per gram of tissue (%ID/g), was found to be about 3 %ID/g (Fig. 1B) . It was suggested that 99m Tc-VEGF 121 , stable for about 1 h in vivo, can be used to image mouse tumor neovasculature in lesions as small as several millimeters in soft tissue. Recently, this tracer was also applied to imaging of the tumor vasculature before and after various types of chemotherapy (38) .
A recombinant protein composed of VEGF 165 fused through a flexible polypeptide linker, (GGGGS) 3 , to the n-lobe of human transferrin (hnTf-VEGF) was used for angiogenesis imaging (39) . The molecular masses of hnTf-VEGF are 65 and 130 kDa for the monomeric and dimeric forms, respectively. 111 In-hnTf-VEGF accumulated in U87MG human glioblastoma tumors at 6.7 %ID/g at 72 h after injection. The tumor uptake of 111 In-hnTf-VEGF decreased when it was coinjected with a 100-fold excess of VEGF but not apotransferrin (Fig. 1C) . This fusion protein, hnTf-VEGF, represents a new class of proteins that can be labeled with 111 In without the need to introduce metal chelators.
All of the reports mentioned so far used radiolabeled VEGF isoforms for SPECT of VEGFR expression. Although the VEGF isoforms used in these studies all exist in nature and should have very high binding affinity and specificity for VEGFRs, much research effort is still needed to improve the in vivo stability, target affinity and specificity, and pharmacokinetics of these radiopharmaceuticals. The major disadvantage of SPECT is its very low detection efficiency (,10 24 times the emitted number of g-rays) because of the use of lead collimators to define the angle of incidence (40) . Another imaging modality, PET, offers many advantages over SPECT, and the increasing popularity of clinical PET and PET/CT scanners can facilitate the translation of promising new tracers to clinical applications (12, 41) .
PET of VEGF/VEGFRs
A few radiolabeled anti-VEGF antibodies have been reported. VG76e, an IgG1 monoclonal antibody that binds to human VEGF, was labeled with 124 I for PET of solid tumor xenografts in immunodeficient mice (42) . Although VEGF specificity in vivo was demonstrated in that report, the poor immunoreactivity (,35%) of the radiolabeled antibody limits the potential use of this tracer. HuMV833, a humanized anti-VEGF monoclonal antibody, has also been labeled with 124 I and investigated in a phase I clinical trial (43) . Patients with progressive solid tumors were treated with various doses of HuMV833, and PET with 124 I-HuMV833 was performed to measure the antibody distribution in and clearance from tissues. The antibody distribution and clearance were found to be quite heterogeneous, not only between and within patients but also between and within individual tumors. These results suggested that intrapatient dose escalation approaches or more precisely defined patient cohorts will be needed in the design of future phase I studies with antiangiogenic antibodies such as HuMV833.
In a recent study, bevacizumab was labeled with 111 In and 89 Zr for SPECT and PET, respectively (44) . Nude mice xenografted with SKOV-3 human ovarian tumors were injected with 89 Zr-bevacizumab, 111 In-bevacizumab, or 89 Zr-IgG. PET revealed tracer uptake in well-perfused organs up to 24 h after injection and clear tumor localization at 72 h after injection and beyond ( Fig. 2A) . Although the tumor uptake of 89 Zr-bevacizumab was higher than that of 89 Zr-IgG, the absolute tumor uptake (,8 %ID/g) was much lower than that of other radiolabeled antibodies reported in the literature (45) (46) (47) . One flaw of that study (44) was that there was no clear evidence that VEGF expression was upregulated in the tumors. The higher uptake of 89 Zr-bevacizumab than 89 Zr-IgG may have been attributable to the different levels of passive targeting of individual antibodies, even though they were isotypematched IgG. Whether the levels of VEGF expression are significantly different during different stages of tumor development, in turn leading to different levels of tumor uptake of tracers, needs to be studied.
We recently labeled VEGF 121 with 64 Cu for PET of VEGFR expression (48) . 1,4,7,10-Tetraazacyclododecane-N,N9,N$,N$9-tetraacetic acid (DOTA)-VEGF 121 exhibited nanomolar VEGFR-2-binding affinity (comparable to that of VEGF 121 ) in vitro. Small-animal PET imaging revealed rapid, specific, and prominent uptake of 64 Cu-DOTA-VEGF 121 (;15 %ID/g) in highly vascularized small U87MG tumors (high level of VEGFR-2 expression) but significantly lower and sporadic uptake (;3 %ID/g) in large U87MG tumors (low level of VEGFR-2 expression) (Fig. 2B) . Western blotting of the tumor tissue lysate, immunofluorescence staining, and blocking studies with unlabeled VEGF 121 confirmed that the tumor uptake of 64 Cu-DOTA-VEGF 121 was VEGFR specific. That study demonstrated the dynamic nature of VEGFR expression during tumor progression, in that even in the same tumor model, levels of VEGFR expression were dramatically different at different sizes and stages. These results underscore the importance of imaging of VEGFR expression in anti-VEGFR cancer therapy, because the therapeutically efficacious window may be quite narrow and may also be highly variable among different tumor types. Noninvasive imaging to evaluate the level of VEGFR expression before the initiation of treatment can help with decisions about whether and when to start antiangiogenic treatment. Reliable and accurate evaluation of the level of VEGFR expression will dramatically improve cancer management.
In a follow-up study, a VEGFR-2-specific fusion protein, VEGF 121 /rGel (VEGF 121 linked to recombinant plant toxin gelonin) was used to treat orthotopic glioblastoma in a mouse model (49) . Before the initiation of treatment, small-animal PET imaging with 64 Cu-VEGF 121 /rGel was performed to evaluate the tumor-targeting efficacy and pharmacokinetics of the fusion protein and thereby determine the dose interval. (This type of study with a radiolabeled drug clearly demonstrates the power of molecular imaging, in that cancer patients can also be selected for molecular cancer therapy on the basis of pretreatment screening with a radiolabeled drug [analog] .) During and after treatment, the therapeutic efficacy of VEGF 121 /rGel was successfully monitored by multimodality imaging with 18 F-fluorothymidine PET, MRI, and bioluminescence imaging, with all results supported by ex vivo histologic findings. That study suggested that clinical multimodality imaging and therapy with VEGF 121 /rGel may provide an effective means of prospectively identifying patients who will benefit from VEGF 121 /rGel therapy and then stratify, personalize, and monitor treatment to obtain optimal survival outcomes.
VEGF 121 was recently labeled with 64 Cu site specifically (37) . Compared with the 99m Tc-labeled analog, for which tumor uptake (;3 %ID/g) was lower than that in most of the normal organs and kidney uptake was about 120 %ID/g, (37, 44, 48, 53) .) 64 Cu-labeled pegylated VEGF 121 showed similar tumor uptake (;2.5 %ID/g) and lower kidney uptake, about 65 %ID/g (Fig. 2C ). Whether such site-specific labeling through an extra cysteine tag has advantages over direct labeling at lysine side-chain amino groups, which has been shown not to affect VEGFR-2-binding affinity (48) , remains to be determined. Direct comparison of the 2 labeling methods and of other potential strategies is needed to determine which tracer is more suitable for clinical evaluation.
All VEGF-A isoforms bind to both VEGFR-1 and VEGFR-2 (19) . In the imaging studies reported to date, specificity for either VEGFR-1 or VEGFR-2 was rarely achieved, because most of the tracers were based on VEGF-A isoforms. Because of a high level of VEGFR-1 expression, rodent kidneys can take up a significant amount of a VEGF-A-based tracer, a fact that often makes the kidneys the dose-limiting organs (37, 48, 50) . Because VEGFR-2 is generally accepted to be more functionally important than VEGFR-1 in cancer progression (19, 51) , the ability to image VEGFR-2 expression by PET can be a valuable tool for evaluating patients with a variety of malignancies, particularly those undergoing anti-VEGFR-2 therapies.
Alanine-scanning mutagenesis has revealed that Arg 82 , Lys 84 , and His 86 , located in a hairpin loop of VEGF 165 , are critical for VEGFR-2 binding and that some negatively charged residues, Asp 63 , Glu 64 , and Glu 67 , are associated with VEGFR-1 binding (52) . Because VEGF 121 is a soluble, nonheparin-binding variant containing the full biologic and receptor-binding activities of the larger variants (19), we recently developed a VEGFR-2-specific PET tracer based on mutated VEGF 121 (53) . The D63AE64AE67A mutant of VEGF 121 (denoted as VEGF DEE ) was generated by recombinant DNA technology. Compared with VEGF 121 , VEGF DEE had an affinity for binding to VEGFR-1 that was 20-fold lower, without a significant reduction in VEGFR-2-binding affinity. Small-animal PET imaging revealed that both 64 Cu-DOTA-VEGF 121 and 64 Cu-DOTA-VEGF DEE had rapid, prominent, and comparable levels of activity accumulation in VEGFR-2-expressing tumors. Meanwhile, the renal uptake of 64 Cu-DOTA-VEGF DEE was much lower than that of 64 Cu-DOTA-VEGF 121 because rodent kidneys express a high level of VEGFR-1 (Fig. 2D ). Significantly lower kidney uptake of 64 Cu-DOTA-VEGF DEE , conferring much lower renal toxicity than other VEGF-A-based tracers, makes this tracer highly amenable for translation to clinical applications. Further improvement in VEGFR-2-binding affinity and specificity, pharmacokinetics, and tumor-targeting efficacy through the generation of other VEGF 121 mutants is currently being investigated.
NON-RADIONUCLIDE-BASED IMAGING OF VEGF/VEGFR EXPRESSION
Dynamic contrast-enhanced MRI (DCE-MRI), a noninvasive technique that can provide parameters related to tissue perfusion and permeability for examination of the tumor vasculature, has been used to indirectly measure vascular permeability (54, 55) . Because VEGF is the principal mediator of vascular permeability, researchers have tried to correlate DCE-MRI parameters with levels of VEGF expression. In some reports, the MRI parameters correlated relatively well with VEGF expression, which was determined by immunohistologic staining (56) (57) (58) . However, in many other reports, such a correlation was not observed (59) (60) (61) . Direct measurement of VEGF/VEGFR expression with mMRI, with which contrast agent-mediated alterations in tissue relaxation times can allow for the detection and localization of molecular markers of diseases (62), has not been achieved. However, VEGF/VEGFR imaging with targeted ultrasound and optical techniques has been reported in the last few years.
Ultrasound Imaging of VEGFRs
Ultrasound (ultrasonography) is the most commonly used clinical imaging modality because of its safety, low cost, ease of use, and wide availability (63) . The contrast of ultrasound is dependent on the sound speed, sound attenuation, backscatter, and imaging algorithm (64) . Ultrasound can be used to image the microcirculation with both Doppler and microbubble methods (65) . The power Doppler signal can be quantified to provide an estimate of relative fractional vascular volume, and microbubbles can reveal blood flow down to the microcirculation level by increasing the signal from smaller vessels. Like DCE-MRI results, noninvasive ultrasound imaging results obtained during tumor development or antiangiogenic cancer therapy have been compared with ex vivo histologic findings (66) (67) (68) (69) . Although good agreement was observed in some cases, these results did not represent noninvasive direct imaging of VEGF/VEGFR expression. It was not until very recently that in vivo ultrasound imaging of VEGF/VEGFR expression was reported (70) .
Contrast-enhanced ultrasound (CEU) imaging typically uses microbubbles, which are at least several micrometers in diameter; therefore, only the tumor endothelium can be targeted, because these microbubbles are too large to extravasate (71) . In a mouse model of pancreatic adenocarcinoma, targeted microbubbles were used to image and quantify the vascular effects of 2 antitumor therapies on both subcutaneous and orthotopic pancreatic tumors (70) . Tumor-bearing mice were treated with anti-VEGF monoclonal antibodies or gemcitabine (a chemotherapy drug), and the localization of antibody-conjugated microbubbles to VEGFR-2-expressing or VEGF-activated blood vessels (the VEGF-VEGFR complex) was monitored by CEU (Fig.  3A) . Significant signal enhancement of the tumor vasculature was observed with the targeted microbubbles relative to untargeted or control IgG-conjugated microbubbles. The video signal intensity from the targeted microbubbles also correlated with the level of expression of the target (either VEGFR-2 or the VEGF-VEGFR complex), as well as with the microvessel density in tumors under therapy. In another report, VEGFR-2 expression in 2 murine tumor models was imaged with microbubbles conjugated to anti-VEGFR-2 monoclonal antibodies (72) . The targeted microbubbles produced a significantly higher average video signal intensity than control microbubbles in both tumor models, and the video signal intensity was significantly lower when anti-VEGFR-2 antibodies (blocking antibodies) were used, demonstrating target specificity. These 2 studies demonstrated that targeted microbubbles can be a novel and attractive tool for the noninvasive imaging of tumor angiogenesis, as well as for the in vivo monitoring of vascular effects after therapy.
Ultrasound has a relatively high spatial resolution (50-500 mm), yet it also has some disadvantages, such as relatively poor tissue penetration (usually a few centimeters, depending on the frequency used) and limited sensitivity (11) . Further development of molecular imaging with ultrasound will involve the expansion of targeted disease states, improvements in technology for ligand attachment to microbubbles, better characterization of the acoustic behavior of targeted contrast agents, and the development of more sensitive and accurate imaging methods. Acoustic destruction of ''payload-bearing'' microbubbles has been used to deliver drugs or to augment gene transfection (73) . Therefore, angiogenesis-targeted microbubbles may also have future applications in site-specific cancer therapy.
Optical Imaging of VEGFRs
Optical imaging is a relatively low-cost method suitable primarily for small-animal studies. In fluorescence imaging, excitation light illuminates the subject, and the emission light is collected at a shifted wavelength (11) . Fluorescence imaging has many disadvantages: it is not quantitative, the image information is surface weighted because of tissue absorption, and typically a significant background signal is observed because of tissue autofluorescence (74) .
Human VEGF was conjugated to a fluorescent dye, Cy5.5 (maximum emission, 696 nm), and tested for in vivo imaging (75, 76) . Although tumor contrast was observed after administration of the probe, no information about the whole-body distribution of Cy5.5-VEGF in these studies was reported. Interestingly, the bioluminescence signal of luciferase-transfected tumor cells does not overlap well with the fluorescence signal of Cy5.5-VEGF in some cases (Fig. 3B) (37) . Because it has been reported that some cyanine dyes can accumulate in tumors even without conjugation to a targeting ligand (77, 78) , extra care needs to be taken in interpreting the experimental findings of fluorescent dye-based imaging. Whenever feasible, blocking experiments should be performed to confirm the receptor specificity of the probe in vivo.
Because of the limited tissue penetration and intense scattering of light, optical imaging will be possible in humans only at limited sites, such as tissues and lesions close to the skin surface and tissues accessible by endoscopy and during intraoperative visualization (79, 80) . A near-infrared (700-900 nm) fluorescence (NIRF) imaging approach, in which the absorbance spectra for all biomolecules reach minima, thus providing a clear window for in vivo optical imaging (81), will provide better opportunities for visualizing tumor angiogenesis in both small-animal models and clinical settings.
FUTURE DIRECTIONS FOR VEGF/VEGFR IMAGING
Among all of the modalities used for VEGF/VEGFR imaging, PET is the most widely studied. Peptidic VEGFR antagonists that can be labeled with 11 C or 18 F should be investigated. Because 1 h after injection is usually sufficient for peptide-based tracers to clear from the nontargeted organs and produce high-contrast PET images (82, 83) , whereas it can take several hours or even days before highcontrast PET images can be obtained with antibody-based tracers (45) (46) (47) , small-molecule-based or peptide-based tracers can allow for higher throughput. Multimodality imaging of VEGF/VEGFR expression, in which the same probe can be simultaneously detected by 2 or more imaging modalities, needs to be developed. When the advantages of various imaging modalities are combined, quantitative and more accurate information that no single modality alone can offer can be obtained. Dual-modality probes that combine radionuclide-based imaging (very sensitive and highly quantitative) and non-radionuclide-based approaches (such as optical imaging, which can significantly facilitate ex vivo validation of data obtained in vivo, and MRI probes, which can provide high-resolution anatomic information) are of particular interest.
Imaging of the expression of both VEGF and VEGFRs is important for cancer diagnosis and monitoring of therapeutic efficacy against cancer. Because of the soluble and dynamic nature of VEGF proteins, imaging of VEGF expression is much more challenging than imaging of VEGFR expression and has not been very well studied. Examining tumors in the same animals or cancer patients with both VEGF-and VEGFR-targeted tracers may provide important insights about the kinetics of expression of both VEGF and VEGFRs during cancer development and cancer therapy.
Dual-isotope SPECT of VEGF/VEGFR expression with tracers labeled with various radioisotopes can be investigated. It is possible that even more radioisotopes with different energies can be detected simultaneously, making use of the major advantage of SPECT over PET. Multiplex optical imaging of such protein pairs can also be studied; quantum dots (QDs) can play an important role in such studies because of their broad excitation and narrow emission spectra, which make them ideal for multiplexing studies (80, 84) . Fluorescence resonance energy transfer may be explored for imaging VEGF-VEGFR interactions. Although fluorescence resonance energy transfer has been well studied in cell-based assays (85, 86) , whether it can be achieved successfully in vivo for studying protein-protein interactions remains to be demonstrated. A split reporter gene strategy, in which the reporter protein produces a signal only when the 2 proteins of interest interact and are in close proximity to each other (87), may enable long-term and accurate measurements of VEGF-VEGFR interactions in vivo. Nanotechnology may also have many applications in the imaging of VEGFR expression in the future. Although to date no literature reports are available for VEGFRtargeted nanoparticles, many groups have investigated the use of nanoparticles for the targeting of another vasculaturerelated protein, integrin a v b 3 .
Integrins are a family of cell adhesion molecules consisting of 2 noncovalently bound transmembrane subunits (a and b), both type I membrane proteins with large extracellular segments that pair to create heterodimers with distinct adhesive capabilities (88) . In mammals, 18 a-subunits and 8 b-subunits have been characterized; these subunits assemble into at least 24 different receptors (Fig.  4) . Integrin signaling plays a key role in tumor angiogenesis and metastasis (89) . Integrins expressed on endothelial cells modulate cell migration and survival during tumor angiogenesis, whereas integrins expressed on carcinoma cells potentiate metastasis by facilitating invasion and movement across blood vessels. Integrin a v b 3 , which binds to arginine-glycine-aspartic acid (RGD)-containing components of the extracellular matrix, is significantly upregulated on tumor vasculature but not on quiescent endothelium (89, 90) .
Among all of the integrins discovered to date, integrin a v b 3 is the most extensively studied. Many monoclonal antibodies, cyclic RGD peptide antagonists, and peptidomimetic agents against integrin a v b 3 have been used for antiangiogenic cancer therapy (5) .
Most studies of the imaging of integrin a v b 3 have used RGD peptides as the targeting ligands, and many excellent reviews are available (15, (91) (92) (93) . In the majority of cases, RGD peptide-based tracers bind to integrin a v b 3 expressed on both the tumor vasculature and tumor cells. In a strict sense, these cases are not truly representative of tumor angiogenesis imaging because the probes target mainly integrin a v b 3 -positive tumor cells. Several nanoparticlebased probes have been used for integrin a v b 3 imaging (Fig. 5) . Because of their large overall size (from 20 nm to a few micrometers in diameter), these probes either do not extravasate at all or do not extravasate well. Therefore, they almost exclusively target integrin a v b 3 on the tumor vasculature and indeed image tumor angiogenesis. Compared with the vast number of literature reports on integrin a v b 3 imaging with peptide-or protein-based tracers (94-110), nanoparticle-based imaging of integrin a v b 3 is relatively rare. Here we summarize the state of the art for the imaging of tumor vasculature integrin a v b 3 with nanoparticles.
RADIONUCLIDE-BASED IMAGING OF INTEGRIN a V b 3 EXPRESSION
The use of molecularly targeted nanoparticles affords many advantages over conventional approaches. First, hundreds, thousands, or even more imaging labels or combinations of labels for various imaging modalities can be attached to a single nanoparticle and thereby can lead to a dramatic increase in signal intensity. Second, multiple, potentially different, targeting ligands on the same nanoparticle can provide selectivity enhancement. Third, the ability to integrate means to bypass biologic barriers for the nanoparticle can enhance targeting efficacy. With con- tinuous multidisciplinary efforts, nanoparticle-based approaches will shed new light on molecular diagnostics and molecular therapy targeting tumor angiogenesis.
To date, there has been only one report on SPECT of integrin a v b 3 with a nanoparticle-based tracer. 111 In-Labeled perfluorocarbon nanoparticles were tested for the detection of tumor angiogenesis in New Zealand White rabbits implanted with Vx-2 lung carcinoma tumors (111) . Nanoparticles bearing approximately 10 111 In atoms per particle were found to provide better tumor-to-muscle ratios than nanoparticles bearing approximately 1 111 In atom per particle. At 18 h after injection, the mean tumor activity in rabbits receiving integrin a v b 3 -targeted nanoparticles was about 4-fold higher than that obtained with control nanoparticles.
Recombinant adenovirus (Ad; about 70 nm in diameter) has been widely used as a vehicle for delivering genes to mammalian cells because of its unparalleled gene transfer efficacy in vivo (112) . However, the broad native tropism of Ad is a major concern, and specific targeting can enhance gene therapy efficacy with lower toxicity (113) (114) (115) . We successfully redirected the Ad tropism by chemical modification of the fiber knobs with pegylated RGD peptides (116) . The in vivo infectivity of Ad vectors expressing the herpes simplex virus type 1 mutant thymidine kinase gene after intravenous administration into integrin a v b 3 -positive tumor-bearing mice was measured by small-animal PET imaging with 9-[4-18 F-fluoro-3-(hydroxymethyl)butyl]guanine as the PET reporter probe (117, 118) . Pegylation completely abrogated the coxsackievirus and adenovirus receptor-knob interaction and the infectivity. RGD modification partially restored the viral infectivity to integrin a v b 3 -positive tumors. This strategy provided a robust platform for site-specific gene delivery and noninvasive monitoring of transgene delivery efficacy and homing, which may have clinical applications. In another study, bioluminescence imaging was used to noninvasively monitor the redirected tropism of this chemically modified Ad, which carries a firefly luciferase reporter gene (119) .
Single-wall carbon nanotubes (SWNTs) exhibit unique size, shape, and physical properties that make them promising candidates for biologic applications (120, 121) . We recently investigated the biodistribution of 64 Cu-labeled SWNTs in mice by PET and ex vivo Raman spectroscopy (122) . Properly pegylated SWNTs were found to have a relatively long circulation half-life (a few hours) and low uptake by the reticuloendothelial system (RES). Efficient targeting of integrin a v b 3 -positive U87MG tumors in mice (;15 %ID/g)-among the highest ever reported for any nanoparticles-was also achieved with RGD peptideconjugated SWNTs (Fig. 6) . The unique Raman signatures of SWNTs enabled direct measurement of SWNTs in various mouse tissues and confirmation of the radionuclidebased results (Fig. 6 ). Virtually no kidney uptake was observed on the basis of Raman measurement of the tissue homogenate, although a small fraction of 64 Cu detached from the SWNTs did show appreciable kidney uptake on PET. Further investigation of SWNTs, which have large surface areas that may be functionalized in a variety of ways for the attachment of therapeutic agents and other moieties (120) , as a nanoplatform for integrated multimodality imaging and molecular therapy is under way.
Radiolabeled nanoparticles represent a new class of probes with enormous potential for clinical applications. The radiolabel can enable quantitative measurements of tumor-targeting efficacy and pharmacokinetics, provided that the radiolabel on the nanoparticle is stable under physiologic conditions. However, dissociation of the radionuclide (typically metal) from the chelator or the radionuclide-containing polymer coating from the nanoparticle can cause significant differences between the nanoparticle distribution and the radionuclide distribution. The biodistribution of SWNTs in animals has been studied with other radiolabels besides 64 Cu (123, 124) . Surprisingly, these SWNTS were reported to undergo either complete or partial renal clearance in mice, with little uptake by the liver or other organs of the RES. These findings defy the general trend of high RES uptake for nanoparticles and deserve further investigation and validation. Direct measurement of SWNTs in various tissues on the basis of intrinsic Raman signals, as well as rigorous validation of the stability of the radiolabel on the nanoparticle, should always be performed to obtain more reliable results (122) . Studies have shown that typically only molecules with masses of less than 70 kDa (a few nanometers in diameter) undergo renal clearance (125, 126) . The SWNTs used in the reports mentioned so far are typically more than 200 nm long, even up to a few micrometers (122) (123) (124) . It is very unlikely that they can be cleared from the kidneys unless severe kidney damage has occurred.
NON-RADIONUCLIDE-BASED IMAGING OF INTEGRIN a V b 3 EXPRESSION
A variety of nanoparticles have been used for nonradionuclide-based imaging of integrin a v b 3 during tumor angiogenesis. For mMRI, Gd 31 -containing nanoparticles (liposomes and perfluorocarbon) and ultrasmall superparamagnetic iron oxide (SPIO) particles have been investigated. Targeted ultrasound has been limited exclusively to microbubbles, and optical imaging of vascular integrin a v b 3 has been achieved only with RGD peptide-conjugated QDs. MRI detects the interactions of protons (or certain other nuclei) with each other and with the surrounding molecules in a tissue of interest (127) . Different tissues have different relaxation times, which can result in endogenous MR contrast. Exogenous contrast agents can further enhance this contrast by selectively shortening either the T1 (longitudinal) or the T2 (transverse) relaxation time (128, 129) . The MR image can be weighted to detect differences in either T1 or T2 by adjusting parameters during data acquisition. Traditionally, Gd 31 chelates have been used to enhance T1 contrast (130) , and iron oxide nanoparticles have been used to increase T2 contrast (131) .
Gd 31 -containing paramagnetic liposomes (300-350 nm in diameter) have been used for mMRI of integrin a v b 3 expression (132) . In that study, mMRI of squamous cell carcinomas in a rabbit model was achieved with LM609, a mouse antihuman integrin a v b 3 monoclonal antibody, as the targeting ligand (Fig. 7A) . Peptidomimetic integrin a v b 3 antagonist-conjugated magnetic nanoparticles were tested in a Vx-2 squamous cell carcinoma model with the common clinical field strength of 1.5 T (133). The targeted nanoparticles increased the MR signal dramatically in the periphery of the tumor at 2 h after injection. Despite their relatively large size (;270 nm in diameter), these nanoparticles penetrated into the leaky tumor neovasculature but did not migrate into the interstitium in appreciable amounts. In a later report, athymic nude mice bearing human melanoma tumors were successfully imaged with systemically injected integrin a v b 3 -targeted paramagnetic nanoparticles (134) . Very small regions (about 30 mm 3 ) of angiogenesis associated with nascent melanoma tumors were visualized by this technique, which may enable phenotyping and staging of early melanomas in clinical settings. All of the studies mentioned so far used Gd 31 for enhancing T1 contrast, which can be reliably detected only at millimolar concentrations. SPIO nanoparticles can be detected at much lower concentrations because of their high magnetism (131) . Recently, integrin a v b 3 -targeted ultrasmall SPIO nanoparticles were used with a 1.5-T MRI scanner for the noninvasive differentiation of tumors with large and small fractions of integrin a v b 3 -positive tumor vessels (135) . After injection of RGD peptide-conjugated ultrasmall SPIO nanoparticles, T2*-weighted MR images revealed the heterogeneous distribution of integrin a v b 3 -positive tumor vessels, as evidenced by an irregular signal intensity decrease. In contrast, the signal intensity decreased more homogeneously in the control tumor, with predominantly small and uniformly distributed vessels.
The major disadvantage of MRI is its inherent low sensitivity, which can be partially compensated for only by using higher magnetic fields (4.7-14 T), acquiring data for much longer periods, and using exogenous contrast agents. Although proof-of-principle studies have been reported for mMRI of integrin a v b 3 and many other targets (62), whether mMRI can significantly improve cancer management remains unclear. Some other techniques, such as hyperpolarized MRI (136) Specific targeting of microbubbles can be accomplished by ligand conjugation to the microbubble surface with various strategies (63, 138) . Targeted ultrasound imaging of integrin a v b 3 during tumor angiogenesis has been reported (139) . Athymic nude rats were inoculated intracerebrally with U87MG human glioblastoma cells. At 2 or 4 wk after implantation, CEU was performed with microbubbles (3-4 mm in diameter) coated with echistatin, an RGD-containing disintegrin, which binds specifically to integrin a v b 3 (140) . CEU perfusion imaging with nontargeted microbubbles was also performed to determine the tumor microvascular blood volume and blood velocity (Fig. 7B) . The CEU signal was found to be highest at the periphery of tumors, where integrin expression was most prominent as indicated by immunohistochemistry, and correlated well with the tumor microvascular blood volume. In a later study, the detection of tumor neovasculature in athymic nude mice was also achieved with a research ultrasound scanner after the injection of integrin a v b 3 -targeted perfluorocarbon nanoparticles (141) . QDs are inorganic fluorescent semiconductor nanoparticles with many desirable optical properties for imaging applications, such as high quantum yields, high molar extinction coefficients, strong resistance to photobleaching and chemical degradation, continuous absorption spectra spanning the range from UV to near-infrared, narrow emission spectra (typically 20-30 nm full width at half maximum), and large effective Stokes shifts (80, 84, 142) . Specific targeting can be achieved by attaching targeting ligands to the QD surface. However, in vivo targeting and imaging are very challenging because of the relatively large overall size (typically .20 nm in hydrodynamic diameter) and short circulation half-life of QD conjugates.
We reported the NIRF imaging of integrin a v b 3 on tumor vasculature with RGD peptide-conjugated QDs (143) . RGD peptides were conjugated to QD705 (emission maximum at 705 nm). The QD705-RGD conjugates exhibited high-affinity integrin a v b 3 -specific binding in cell cultures and ex vivo. Because a significant background signal is usually observed for in vivo NIRF imaging as a result of tissue autofluorescence, spectral imaging techniques, in which the fluorescence signals of various fluorophores can be separated on the basis of their emission spectra (144, 145) , were used to better interpret the NIRF imaging results. Tumor contrast was observed as early as 20 min after QD705-RGD conjugate injection, and the fluorescence intensity in subcutaneous U87MG tumors reached a maximum at 6 h after injection (Fig. 7C) . As with most nanoparticles, the large size of the QD705-RGD conjugates (;20 nm in diameter) prevented efficient extravasation; therefore, the QD705-RGD conjugates mainly targeted integrin a v b 3 on the tumor vasculature instead of the tumor cells, as confirmed by ex vivo immunofluorescence staining. Because the sprouting neovasculature in many tumor types overexpresses integrin a v b 3 , this probe may have great potential as a universal NIRF probe for tumor angiogenesis imaging.
QD-based imaging may play an important role in imageguided surgery (146) . The major obstacles for the translation of QDs to clinical applications are inefficient delivery, potential toxicity, and lack of quantification (80) . However, with the development of smaller (147, 148) , less toxic (149, 150) , and multifunctional (151, 152) QDs and with further improvement of the conjugation strategy, QD-based probes may achieve optimal tumor-targeting efficacy with an acceptable toxicity profile for translation to clinical applications in the near future.
MULTIMODALITY IMAGING OF INTEGRIN a V b 3 EXPRESSION
Among all of the molecular imaging modalities, no single modality is perfect and sufficient to obtain all of the necessary information (11) . For example, it is difficult to accurately quantify a fluorescence signal in living subjects with fluorescence imaging alone, particularly in deep tissues; MRI has high resolution and good soft-tissue contrast but very low sensitivity; and radionuclide-based imaging techniques are very sensitive but have relatively poor spatial resolution. A combination of multiple molecular imaging modalities can offer synergistic advantages over any modality alone. Multimodality imaging with a small-molecule-based probe is very challenging, sometimes impossible, because of the limited number of conjugation sites and potential interference with receptor-binding affinity. On the other hand, nanoparticles have large surface areas to which multiple functional moieties can be attached for multimodality molecular imaging.
A nanoparticle-based probe has been used for both MRI and optical imaging of integrin a v b 3 . MRI-detectable and fluorescent liposomes carrying RGD peptides were evaluated for in vivo tumor imaging (153) . Both RGDconjugated liposomes and RAD (a control peptide that does not bind to integrin a v b 3 )-conjugated liposomes provided enhanced T1-weighted MR contrast. Ex vivo fluorescence microscopy revealed that RGD-conjugated liposomes were specifically associated with the activated tumor endothelium, whereas RAD-conjugated liposomes were located in the extravascular compartment.
We recently developed a QD-based probe for both NIRF imaging and PET of integrin a v b 3 (154) . QD surface modification with RGD peptides allowed for integrin a v b 3 targeting, and DOTA conjugation enabled PET after 64 Cu labeling (Fig. 8) . With this dual-modality probe, we quantitatively evaluated tumor-targeting efficacy, an evaluation that was not possible with NIRF imaging alone (143) . As in the previous study (143) , it was also found that the majority of the probe in the tumor was within the vasculature, as evidenced by excellent overlay of the QD fluorescence signal and vasculature integrin a v b 3 staining. This dual-modality (PET/NIRF imaging) probe can confer sufficient tumor contrast at a concentration much lower than that required for in vivo NIRF imaging (143) , significantly reducing the potential toxicity of cadmium-based QDs (155, 156) , and may hasten the future translation of QD-based imaging agents to clinical and biomedical applications.
These 2 studies demonstrated the feasibility of dualmodality imaging in vivo, but the 2 modalities were not equally effective. The less sensitive modality was used for ex vivo validation of the in vivo results obtained with the more sensitive imaging modality. Although only singlemodality noninvasive imaging was achieved with the dualmodality probe-an achievement that does not take full advantage of the nanoparticle-based approach-the capability of detecting the probe with another imaging modality did provide a convenient method for ex vivo probe detection after harvesting of the targeted tissue, greatly facilitating the validation of the dual-modality probe. It is likely that in the near future, true noninvasive multimodality tumor angiogenesis imaging will be accomplished.
SUMMARY AND FUTURE PERSPECTIVES
A wide variety of targeting molecules (peptides, proteins, and antibodies) have been labeled with various imaging labels (such as radioisotopes, SPIO nanoparticles, fluorescent dyes, QDs, and microbubbles) for PET, SPECT, MRI, optical imaging, and ultrasound imaging of tumor angiogenesis. Noninvasive imaging of tumor angiogenesis has many clinical applications: lesion detection, patient stratification, new drug development and validation, treatment monitoring, and dose optimization. With the development of new tracers with better targeting efficacy and desirable pharmacokinetics, translation to clinical applications will be critical for the maximum benefit of these imaging probes. However, this process has been quite slow so far. Continued development and wider availability of scanners that are dedicated to smallanimal imaging studies, that can provide similar in vivo imaging capabilities in mice, rats, monkeys, and humans (157, 158) , and that can enable smooth transfer of knowledge and molecular measurements between species will facilitate translation to clinical applications. The U.S. Food and Drug Administration recently developed an exploratory investigational new drug mechanism to allow faster ''firstin-human'' studies. Therefore, it is expected that in the foreseeable future, tumor angiogenesis imaging will be routinely applied in clinical trials of anticancer agents, leading to personalized molecular therapy.
VEGF, VEGFRs, and integrin a v b 3 are the key regulators of tumor angiogenesis. Cross-talk between VEGF and integrin a v b 3 recently emerged as a critical factor in the regulation of tumor angiogenesis when it was found that integrin a v b 3 can regulate the production of VEGF in certain tumor cells (159) . Imaging of both VEGF and integrin a v b 3 can play an important role in understanding the fundamental mechanisms of tumor angiogenesis and antiangiogenic cancer therapy. Many strategies suitable for the imaging of VEGF-VEGFR interactions, in particular, multimodality and nanoparticle-based approaches, can also be applied. Other proteins involved in tumor angiogenesis, such as endoglin (CD105) (160), should also be investigated to enlarge the arsenal of angiogenesis imaging probes.
Quantitative imaging of tumor angiogenesis is highly desirable. Although it is generally assumed that noninvasive imaging results correlate with target expression levels, such an assumption has not been extensively validated. In most reports, 2 tumor models are studied; one acts as a positive control, and the other acts as a negative control. Quantitative correlation between target expression levels in vivo and noninvasive imaging data is rare (45, 46, 96, 103) . Such correlation is critical for future treatment monitoring applications, because it would be ideal to be able to monitor changes in target expression levels quantitatively, rather than qualitatively, in individual patients.
The most desirable property of nanoparticles is multifunctionality, with which multiple targeting ligands, imaging labels, and therapeutic drugs can be attached to a single nanoparticle and thereby provide enormous sensitivity, throughput, and flexibility (161) . One major component of molecular medicine is nanomedicine, in which the ultimate goal is for multifunctional nanoparticles containing both therapeutic components and multimodality imaging labels to allow for efficient, specific in vivo delivery of drugs and accurate, quantitative assessment of the therapeutic efficacy noninvasively over time. Most of the integrin a v b 3 -targeted nanoparticles described to date are far from optimal for clinical applications. In future research on nanoparticle-based tumor angiogenesis imaging, many factors need to be optimized in parallel; these include biocompatibility, in vivo kinetics, targeting efficacy, acute or chronic toxicity, ability to escape from the RES, and cost-effectiveness.
CONCLUSION
Tumor angiogenesis imaging will play a key role in shaping 21st-century cancer management. To foster the continued discovery and development of tumor angiogenesis imaging probes, cooperative efforts are needed from cellular and molecular biologists in identifying and validating novel imaging targets, from chemists and radiochemists in synthesizing and characterizing imaging probes, and from engineers, medical physicists, and mathematicians in developing high-sensitivity, high-resolution imaging devices and hybrid instruments and better image reconstruction algorithms. Close partnerships among academic researchers, clinicians, pharmaceutical industries, the National Cancer Institute, and the U.S. Food and Drug Administration are also needed to quickly apply tumor angiogenesis imaging to multiple facets of cancer management. The probes developed for tumor angiogenesis imaging can also have broad applications for other angiogenesis-related diseases, such as myocardial infarction, stroke, atherosclerosis, peripheral-artery disease, chronic inflammation, and many others.
ACKNOWLEDGMENTS
Research carried out in the authors' laboratory was supported, in part, by the National Cancer Institute (R01 120188, R01 CA119053, R21 CA121842, R21 CA102123, P50 CA114747, U54 CA119367, and R24 CA93862), the Department of Defense (W81XWH-07-1-0374, W81XWH-04-1-0697, W81XWH-06-1-0665, W81XWH-06-1-0042, and DAMD17-03-1-0143), and a Benedict Cassen Postdoctoral Fellowship from the Education and Research Foundation of the Society of Nuclear Medicine.
